Light-emitting silicon nanocrystals embedded in SiO 2 have been investigated by x-ray absorption measurements in total electron and photoluminescence yields, by energy filtered transmission electron microscopy and by ab initio total energy calculations. Both experimental and theoretical results show that the interface between the silicon nanocrystals and the surrounding SiO 2 is not sharp: an intermediate region of amorphous nature and variable composition links the crystalline Si with the amorphous stoichiometric SiO 2 . This region plays an active role in the light-emission process.
I. INTRODUCTION
The silicon/silicon dioxide interface is one of the most studied interfaces because of the technological importance of thin silicon oxide films in semiconductor devices. Gate dielectrics, mask layers, sacrificial layers, insulators, cladding layers in wave guides, etc., are some of the various devices where the properties of the interface between Si/SiO 2 are exploited. Many different investigations have shown that, when a flat interface between Si and SiO 2 is formed, this is extremely sharp ͑at single atom level͒ and extremely stable with respect to external agents. For this reason, silicon nanocrystals ͑Si-nc͒ embedded in a SiO 2 matrix have been used to form light emitting systems with superior properties with respect to porous silicon (p-Si͒. Indeed p-Si is formed by Si nanostructures with a time dependent surface passivation. The quality and stability of the Si/SiO 2 interface in Si-nc embedded in a SiO 2 matrix is what renders this system superior. The structural characterization of Si-nc and of their local environment is fundamental to understand the light emission mechanism in these systems.
The role of the interface on the electronic and optical properties of Si-nc has been recently addressed in various experimental and theoretical studies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Many different findings have been reported. Wolkin et al. 4 observed that oxidation introduces defect levels in the Si-nc band-gap which pin their emission energy. According to their model the defect levels are due to the formation of a Si-O double bond. The same conclusion has been reached in Refs. 9,12, whereas Vasiliev et al. 10 have pointed out that similar results can be obtained also for O connecting two Si atoms ͑single bond͒ at the Si-nc surface. In Ref. 6 , the assistance of Si-O vibrations at the interface has been proposed as the dominant path for recombination. Moreover interface radiative states have been suggested to play a key role in the optical gain of Si-nc. 13, 14 Here we present an experimental-theoretical study of light emitting Si-nc embedded in SiO 2 . We provide evidence that the Si/SiO 2 interface is not sharp but a transition region composed of amorphous Si and a strained SiO 2 coats the Si-nc when they are embedded in SiO 2 . The experimental investigations show that this transition region participates to the light emission process; ab initio density functional calculations indicate that the strained SiO 2 layer around the Si-nc introduces optically active states.
The paper is composed by an experimental part ͑Sec. II͒, where x-ray absorption and energy filtered transmission electron microscopy ͑EFTEM͒ measurements are presented, and by a theoretical part ͑Sec. III͒, where first principle calculations of Si-nc embedded in SiO 2 are reported. Experimental and theoretical results are discussed in Sec. IV. Section V is devoted to conclusions.
II. EXPERIMENTAL STUDY

A. Sample preparation and characterization
Si-nc were produced by plasma enhanced chemical vapor deposition ͑PECVD͒ of 200 nm thick substoichiometric SiO x on a Si substrate followed by a high-temperature annealing at Tϭ1250°C. This method is based on the temperatureinduced phase separation between Si and SiO 2 in SiO x films. The excess silicon atoms contained in the films, due to the high temperature, diffuse inside the oxide matrix and form nanometric silicon aggregates. Since the excess silicon is uniformly distributed along the film depth, the formation of nanocrystals does not depend on the film depth, and it is very poorly influenced by the presence of the air/SiO x and SiO x /substrate interfaces. Experimental evidences of the depth-homogeneity of the films are provided by Rutherford backscattering spectrometry ͑RBS͒ and transmission electron microscopy ͑TEM͒. 15 RBS data demonstrate the presence of a flat Si profile in the as deposited SiO x films. The Si profile is not appreciably influenced by the subsequent annealing processes.
Cross sectional TEM measurements demonstrate that Si-nc are uniformly dispersed along all the film depth, without a remarkable depletion or segregation phenomena. A set of SiO x films with different total atomic content of Si ͑35, 37, 39, and 42 %͒ was investigated after annealing at 1250°C for 1 h in ultrapure N 2 atmosphere. At increasing Si content, TEM measurements showed an increase of the Si-nc mean radius ͑from less than 1.0 to 1.7 nm͒ and photoluminescence ͑PL͒ measurements a redshift ͑from 790 to 910 nm͒ of the emission band. 15, 16 B. X-ray absorption measurements X-ray absorption near edge structures ͑XANES͒ at the k edge of Si were measured at Super-ACO ͑LURE͒ on the SA32 beam line. Two detection modes were simultaneously used: total electron yield ͑TEY͒ and photo luminescence yield ͑PLY͒. Both detection techniques measure secondary processes that follow the primary x-ray absorption.
The TEY detection method is the most commonly used in x-ray absorption spectroscopy ͑XAS͒ to study thick samples, because it measures the electrons escaping from the face of the sample directly exposed to x-ray irradiation. In the present case, we have measured the compensating current necessary to maintain a neutral charge on the sample. The sampling depth of TEY-XAS is mainly limited by the mean free path of the emitted/excited electrons: it is primarily dependent on the x-ray energy and, secondarily, on details of the sample. The process is quite complicated, because each primary Auger photoelectron may decade through a multistep path, producing a wide set of low energy electrons able to escape from the front side of the sample. Experimental tests and theoretical calculations of TEY-XAS sampling depth have been done in the literature for some materials. [17] [18] [19] For silicon oxide, a careful experimental test has been done by Kasray et al., 20 who recorded TEY-XANES spectra both at L 2,3 and k edge of Si from SiO 2 layers anodically grown on Si substrates with thickness varying from 1 up to 65 nm. The maximum sampling depth for TEY was estimated to be ϳ 5 nm for the SiϪL and ϳ70 nm for the k-edge regions. We have recently performed a similar test by thermally growing SiO 2 layers over a c-Si wafer: at least up to 100 nm, the contribution of the Si substrate, even though very reduced, is still detectable and decreasing in intensity with the SiO 2 layer thickness.
Hence, differently from L edges, TEY measurements performed at the Si k edge have to be considered as sensitive to both near-surface and bulk Si atoms within a maximum range of the order of 100 nm. In particular, TEY measurements provide average information about the absorbing atoms both in luminescent and nonluminescent sites. On the other hand, by the PLY-XAS method one deals with the x-ray excited optical luminescence ͑XEOL͒, i.e., one detects the visible photons emitted by a radiative center ͑single atom or nanostructure͒ that is excited after each single x-ray absorption process. 21 In most cases, the integrated intensity of the whole XEOL band is collected as a function of the x-ray energy. Moreover, when the signal is sufficiently intense, partial PLY-XAS spectra may be extracted, by selecting limited emission ranges from the XEOL spectra. Our experimental equipment has been especially built to this purpose: it is based on a CCD detector mounted on a dispersion spectrometer. In this configuration, one luminescence spectrum is collected and stored at each x-ray energy point, and many partial PLY-XAS spectra can be obtained from the same measure by an off-line analysis. [22] [23] [24] For the energy range of the k edge of Si, the sampling depth of the PLY-XAS is only determined by the absorption length of the x-ray photons, which is ϳ1.3 m after the absorption edge: 19, 25 thus the whole film thickness is taken into account.
The PLY-XAS detection technique is very useful when one may take advantage of its peculiar site selectivity. In well selected cases, in fact, only a subset of the absorbing atoms in the sample may contribute to the PLY signal: the atoms in the proximity of the luminescent center. The more useful application of PLY-XAS method is obtained by a detailed comparison with XAS spectra measured by a second detection technique. Some of the present authors have widely used TEY-and PLY-XAS to investigate porous silicon, [22] [23] [24] [25] [26] [27] where only a subset of the silicon atoms is luminescent. The origin of light emission in this case is due to quantum confinement, i.e., to the very reduced size of the nanostructures present in the porous layer. On the basis of the previous experimental evidences, we will interpret in this paper our obtained PLY and TEY-XANES spectra of Si-nc embedded in a silica matrix: as we will see, the system shows XAS spectra very different from p-Si; however, the luminescence is due to the same effect, quantum confinement, as for p-Si.
Results. In the Si-nc samples, two well separated k absorption edges are present: the first, starting at 1839 eV, is due to the absorption by Si atoms bonded to Si; the second is due to the absorption by Si atoms in SiO 2 and is characterized by a white peak at about 1847 eV, followed by a flat region before the beginning of the EXAFS oscillations. The white peak is very sensitive to small changes in the structure or stoichiometry that induce changes in the electron density of states. A quantitative interpretation of these changes in a-SiO 2 spectra is quite difficult, because the available ab initio calculations of XANES are not accurate enough. Moreover, the knowledge of medium-range order in silica is still an open problem. Figure 1 shows the normalized TEY and PLY XANES spectra of one of Si-nc samples ͑37% at Si͒, for a direct comparison with TEY reference spectra of silicon and a-SiO 2 .
The full set of results for all the Si-nc samples is presented in Fig. 2 . According to a well established procedure, the normalization among the various spectra has been done in the flat region centered at 1855 eV. The PLY-XAS signals have been obtained by integrating the whole intensity of the luminescence band at each x-ray energy step. Due to the very low intensity, the acquisition time was set to 30 s. TEY and PLY measurements were done simultaneously, hence the relative positions of edge and XANES features are not affected by monochromator uncertainties or resolution effects.
Let us discuss firstly the region of the low energy edge. We exclude any contribution to both TEY and PLY signals by the silicon substrate. In fact, the sufficiently large thickness of samples ͑200 nm͒ prevents the electron's escape from the substrate and the luminescence of the c-Si wafer is negligible. In this region, the relative intensity of the absorption coefficient depends on the fraction of Si atoms clustered in Si-nc with respect to those coordinated to O in SiO 2 . This contribution grows with increasing Si content for both TEY and PLY spectra, as documented in Fig. 3 . From TEY-XANES and Rutherford backscattering spectrometry data, a quantitative analysis of the amount of Si atoms in the Si-nc has been recently reported in Ref. 28 . As well as this, we can compare here the TEY and PLY spectra. Figure 3 shows that the intensity of PLY signal is significantly higher than that of TEY; moreover, the difference grows with increasing the Si excess. This means that the concentration of Si-nc in the luminescent part of the sample is larger than in the whole one.
Let us now look at the overall spectra. It is evident from Figs. 1 and 2 that the XEOL is a consequence of x-ray absorption in both Si-nc and SiO 2 . Indeed the PLY-XANES signal shows a significant increase at both absorption edges. This is a noticeable difference with respect to porous silicon. In fact, for p-Si, even in aged or slightly oxidized samples, the PLY-XANES spectra obtained by monitoring the red XEOL band do not show a positive contribution at the SiO 2 absorption edge; 19, 30 only with anodically oxidized p-Si samples, we were able to detect a small positive contribution, 22 while samples with a much thicker oxide layer showed a decreasing intensity 19, 22 and a typical reverse-edge behavior. 21 The different behavior for Si-nc in SiO 2 and p-Si indicates a different quality of the passivating oxide layer in the two materials. Figure 2 points out another important characteristic of the Si-nc: TEY and PLY XANES spectra measured on the same sample contains significant differences in line shape and spectral position of the SiO 2 related white peak at about 1847 eV. We attribute these differences to the presence around the Si-nc of a modified SiO 2 region participating to the light emission process, but not extending to the whole silica matrix: otherwise no difference in PLY and TEY spectra would have been observed. We note, in particular, that for all the studied samples the PLY XANES signal grows up at lower energy than TEY and that a remarkable difference in the relative intensity of the PLY and TEY peaks is evident for all The interpretation of these changes may be done on the basis of a phenomenological comparison with similar evidences published in the literature. It is worth noting that a low-energy shift of the absorption edge of SiO 2 and a decrease in intensity of the white peak were clearly observed in densified silica. 29 In that case, changes were mainly attributed to a reduction of the midrange Si-Si interatomic distances. Following this interpretation, we may conclude that the differences between PLY and TEY XANES in the present samples indicate that the SiO 2 absorbing sites able to excite the photoluminescence have a local structure different from the average one monitored by TEY. Furthermore, the differences between TEY and PLY in the region after the white peak ͑at about 1850 eV͒ confirm this conclusion, because they may be explained by a modification of medium-range structures.
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Thus we interpret our data with a structural model where the silicon nanodots are coated by a modified SiO 2 region, which plays an active role in the luminescence. The Si/SiO 2 interface is not sharp but a transition region should be considered where a strained SiO 2 is formed.
In order to evaluate the thickness of the transition region, the ratio A between the maximum of the PLY Si-nc absorption ͑measured at 1841 eV͒ and the absorption PLY tot at 1855 eV ͑which accounts for Si-nc and the SiO 2 cap shell͒ was determined. A can be also computed by considering a sphere of radius R with a core of radius r and assuming that the luminescence yield is the same for Si-nc ͑core͒ and SiO 2 ͑cap shell͒, and that the PLY signal is proportional to the atomic absorption coefficient () and to the volume. Hence,
By using McMaster tables, 33 one obtains
Rϭrͱ[3(177/A)Ϫ0.74]. ͑2͒
The ratio A can be easily determined from PLY measurements; the core radius r is that estimated from TEM measurements 15, 16 and hence an evaluation of the transition region size (RϪr) can be done. This turns out to be about 1 nm for all the samples.
C. High resolution EFTEM analysis
Very detailed information about the Si-nc structure can be obtained by collecting high resolution TEM images. In particular, the image shown in Fig. 4 has been obtained by using the energy filtered TEM ͑EFTEM͒ technique. This technique involves the use of a conventional TEM coupled with an electron energy loss spectrometer, and it allows one to create an image by using only electrons that have lost a specific amount of energy due to the interaction with the sample. As a consequence, a chemical mapping of all the species present in a sample with the very high spatial resolution typical of TEM can be obtained. EFTEM represents a particularly suitable method for the detection of Si-nc dispersed in a silica matrix. The electron energy loss spectrum coming from a sample consisting of Si-nc embedded in SiO 2 is dominated by plasmon loss peaks centered at about 17 and 23 eV. They correspond to the Si and SiO 2 contributions, respectively. A Si map can be therefore obtained by using an energy window centered at the Si plasmon loss. A complex Si-nc structure appears from the analysis of the high resolution image obtained under energy filtered conditions shown in Fig. 4 , referring to a Si-nc coming from a SiO x sample after annealing at 1250°C. In particular, the presence of the Si ͑111͒ planes indicates the presence of a crystalline core. Furthermore, this core is surrounded by an external shell. This shell is about 1 nm thick and it is characterized by the absence of reticular planes. Under the employed experimental conditions, this experiment reveals that a sharp Si-nc/SiO 2 interface does not exist, but that an intermediate region is present.
III. THEORETICAL STUDY
The calculation of the electronic and optical properties of Si-nc embedded in a SiO 2 matrix is a formidable task. In literature computations on Si-O systems have concerned mainly with the Si/SiO 2 interface between Si and SiO 2 layers or multilayers. 8,34 -36 Recent works have been addressed to Si clusters or nanocrystals covered by oxygen, 4,9-12 but they deal with isolated systems. Here we have focused our attention on the role that interface can have on the properties of Si nanocrystals considering as surrounding environment a SiO 2 matrix. To our knowledge only two works have studied, up to now, embedded nanostructures. In the first, 37 a spherical square-well potential, to simulate different silicon quantum dots embedded in silicon dioxide, and effective mass approximation, to describe the two materials, have been used; thus the details about the atomic structure of the system are not investigated. In the second work 38 an ab initio DFT study on the electronic and optical properties of Si and Ge dots, with different sizes, inside a different ͑SiC͒ host matrix is carried out. The ground state results are obtained by electronic energy minimization at fixed system geometry, i.e., without relaxing the ion positions. In the present work we do a step forward considering the relaxation of the complete system by total energy minimization. A simple model for Si-nc embedded in crystalline SiO 2 is presented highlighting the relation between the structural and the electronic properties.
A. The Model
The first problem we had to overcome in modelling Si-nc embedded in SiO 2 is the choice of the SiO 2 host matrix type, the second is related to the type of Si/SiO 2 interface. A lack of symmetry with respect to a crystalline situation and the great amount of atoms together with large cell dimensions make the system intractable by ab initio DFT calculations. For this reason we decided to consider a crystalline SiO 2 in order to exploit the symmetry and to keep the supercell size as small as possible. The choice between the available crystalline forms was the answer to the second problem, the type of Si/SiO 2 interface. From a theoretical point of view the studies on the interface between Si surface and different types of crystalline SiO 2 suggest the tendency of minimizing the number of defects at the interface. 34, 36, 39 To achieve this situation we decided to take as host material the SiO 2 ␤-cristobalite ͑BC͒ which is the form closer to the crystalline silicon structure. The peculiarity of the BC is in fact to have a diamondlike symmetry, i.e. tetrahedral coordination, which can ensure one of the simplest Si/SiO 2 interface. 36, 40 To model a Si-nc embedded in the SiO 2 matrix, we designed a simple-cubic supercell of BC repeating twice its unit cell along each Cartesian axis. We obtained in this way a cell side of 14.32 Å . Then we cut out from the SiO 2 structure 12 O atoms and we ''linked'' together the Si atoms left with dangling bonds. The resulting supercell was thus made of 64 Si and 116 O atoms with 10 Si ''bonded together'' to form a small Si-nc surrounded by a crystalline SiO 2 matrix. The achieved Si/O ratio was thus 35%. The Si-nc tetrahedral coordination was ensured by the peculiar symmetry of the BC but the Si-Si bond length were highly strained compared to bulk-Si ͑3.10 Å ,ϩ33%͒. There was no defect at the interface and all the O atoms at the Si-nc surface were single bonded with the Si atoms. This initial geometry was then optimized performing total energy pseudopotential calculations.
B. Computational methods
Our DFT total energy calculations were based on the plane wave pseudopotential code CASTEP, 41 ,42 using ultrasoft pseudopotentials suitable for high performance solid state calculations.
42, 43 The geometry optimization was performed using a GGA-PBE ͑Ref. 44͒ exchange and correlation ͑XC͒ treatment and a real space representation for the pseudopotentials. The kinetic energy cutoff was set at 260 eV and we considered one special k point only. No external pressure or stress were applied and we left all the atom positions and the cell dimensions free to move ͑keeping fixed the cell angles͒.
Once obtained the relaxed structure we determined the band structure considering 24 empty states, for a total of 500 bands, and 29 special k points, using GGA-PBE XC treatment.
The optical properties were determined considering only direct interband transitions. We chose an LDA approach, considering 24 empty states, 20 special k points, and using a reciprocal space representation for the pseudopotentials. No XC corrections or excitonic and local field effects were included. In order to understand the character of the states displayed by the band structure results and involved in the optical transitions we also calculated the spatial distribution of the Kohn-Sham orbitals square modulus, using the same prescription of the optical properties runs but with one special k point.
C. Results
Structural Properties. The optimized supercell for the Si 10 /SiO 2 is reported in Fig. 5 . The initial crystalline structure of the Si 10 is preserved after the total energy minimization procedure with a final Si-Si bond length of 2.67 Å , 14% strained with respect to bulk-Si. This huge contraction with respect to the initial situation causes a complex deformation of the SiO 2 matrix around the Si-nc, both in bond lengths and angles. The general trend, even if locally the situation can be different, is a contraction of the BC structure in the vicinity of the Si-nc, especially the second and third nearest neighbors distances ͑3% compressed͒. This sort of densification is in agreement with the observations of Lagarde and co-workers, previously discussed. 29 The effect of strain on the 1s core-level binding energy of Si in bulk SiO 2 BC has recently been calculated. 16 A compression of about 2-3 % of the equilibrium lattice constant results in a shift of the absorption edge of about 0.5 eV. Not all the SiO 2 atomic positions are affected by the relaxation process. From the analysis of the final geometry clearly emerges that the initial symmetry of the BC is preserved in the outer regions of the cubic supercell. Both interatomic distances and bond angles result in fact to be practically unchanged after the minimization process. This, in principle, could be related to the constrains imposed by the supercell. These atoms are in fact mostly on the cell boundaries. Nevertheless the choice of leaving free to relax the cell dimensions during the optimization procedure makes us self confident that this result is not a consequence of the calculation technique.
Thus a transition region is present in the relaxed supercell. It is constituted by a distorted BC that surrounds the Si-nc. The thickness of the transition region ͑equal to the mean distance between the Si-nc and the outer crystalline BC atoms͒ is of the order of 8 -9 Å . Figure 5 ͑top͒ highlights the final geometry achieved with the Si-nc core, the transition region of stressed SiO 2 BC and the outer crystalline SiO 2 BC.
Electronic and optical properties. Figure 6 shows the electronic properties of the relaxed supercell. A clear semiconductor behavior, with a GGA-PBE energy gap of 2.07 eV ͑1.96 eV in LDA͒, is observed, while in the starting lattice configuration ͑no relaxation͒, the high strain imposed on the Si-nc induced a metallic behavior. The E g value for the relaxed system has to be compared with the calculated GGA-PBE E g for the SiO 2 BC bulk, 5.84 eV ͑5.48 eV in LDA͒. The strong reduction is caused by the formation at the conduction ͑CB͒ and valence band ͑VB͒ edges of confined, flat, states related to the Si-nc presence. Deep inside each band, instead, the typical behavior of the SiO 2 BC-bulk is still recognizable ͑see, for example, the band plot at about 3 eV below the Fermi energy͒. This shows how the Si-nc presence is able to strongly modify not only the structural but also the electronic properties of the matrix. We can estimate the valence band offset between the Si-nc and the SiO 2 matrix in 2.5 eV. The calculation of the ground state behavior for a Si-nc with the same final relaxed geometry of the Si 10 /SiO 2 but passivated with hydrogen and surrounded by vacuum shows a completely different distribution of the energy levels and a bigger E g ͑4.03 eV in LDA͒. This highlights how also the SiO 2 matrix can influence the Si-nc electronic properties, showing the strong interplay between the embedded system and the host mean.
In Fig. 7 we report the calculated absorption spectrum. A first very weak peak is observed around 2.1 eV which corresponds to the transition involving the HOMO ͑highest occupied Kohn-Sham orbital͒ and LUMO ͑lowest unoccupied Kohn-Sham orbital͒ states. The first really pronounced feature is centered at about 2.7 eV and is mainly due to transitions from the HOMO to the LUMOϩ3 and LUMOϩ4 states, where by LUMOϩ3 or LUMOϩ4 are meant the third or fourth unoccupied orbitals at energies higher than the LUMO. In order to have an idea of the character of these states, we have calculated the spatial distribution of the orbitals square modulus ͑Fig. 8͒. The HOMO state is mainly localized on the Si-nc region but some weight on the O atoms at the Si-nc/SiO 2 interface is evident. The LUMOϩ3 ͑in particular͒ and the LUMOϩ4 show instead a totally different behavior. The distributions lose part of their Si-nc character and tend to be localized mostly on some oxygen atoms at the Si-nc surface, i.e., on the SiO 2 cap shell. Thus it follows that the transition region around the Si-nc can participate in the optical activity of the system directly. Moreover, the orbital localization on the Si-nc region supports the view of nearband-edge states related to the Si-nc, while the contribution on the O atoms points out the role of the surrounding oxide shell on the Si-nc levels organization suggested by the band structure analysis.
IV. DISCUSSION
Let us review and discuss the main findings of our study. ͑1͒ Thermal annealing of SiO x films at Tϭ1250°C causes the formation of Si-nc embedded into a SiO 2 matrix due to a phase separation phenomenon. The core of the Si-nc is of crystalline nature as clear lattice planes are measured by EFTEM.
͑2͒ Contrary to what happens with flat Si/SiO 2 interfaces, the interface between Si-nc and SiO 2 extends on a transition region.
͑3͒ The structure and chemical composition of the region between Si-nc and SiO 2 are progressively changing from the crystalline core to amorphous silicon ͑as inferred from EFTEM measurements͒, to stressed SiO 2 ͑as deduced from TEY-PLY comparison͒ and, finally, to SiO 2 embedding matrix.
͑4͒ The transition region plays an active role in the luminescence mechanism. In fact PLY data show that a strong photoluminescence signal is measured when the x-ray energy is resonant with the stressed SiO 2 absorption edge.
͑5͒ It is not clear at this stage of the investigation whether the transition region is housing those defects which have been assumed to be active in the emission properties of Si-nc by many authors.
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͑6͒ The passivation properties of the Si-nc surface is crucial to the understanding of their electronic structures. Indeed calculations have shown different energy band structures for hydrogenated Si-nc, isolated oxygen passivated Si-nc and, as reported here, Si-nc embedded into a SiO 2 matrix. ͑7͒ Total energy minimization of Si-nc shows that a significant relaxation is occurring not only in the Si-nc itself but also in the first atomic shell of SiO 2 surrounding the Si-nc. Here again the presence of a transition region between Si-nc and bulk SiO 2 is evidenced.
͑8͒ Core-level energy calculations show that a stressed SiO 2 may have a similar core-level shift as that observed in comparing TEY and PLY, which supports the attribution of the white peak in the PLY spectra to stressed silica.
͑9͒ Wave function localization of some near-band-edge states on the interface Si-O bonds has been found. This implies that the optical properties of the Si-nc are determined not only by the core of the Si-nc but also by the interface region between the Si-nc and the SiO 2 where a stressed silica is expected.
What clearly appears from all these points is the fact that the properties of Si-nc in SiO 2 are fundamentally different from those of Si-nc in porous silicon. It seems not correct to use porous silicon as representative of silicon nanocrystals. Indeed both the optical and the emission properties of the two materials may differ because of the active role played by the transition region between Si and SiO 2 .
V. CONCLUSION
In conclusion, we have performed an experimental and theoretical study of the properties of light emitting Si-nc embedded in a silica matrix produced by PECVD and thermal annealing. Our results indicate the presence of a transition region between the Si-nc and the SiO 2 matrix, which participates in the optical process. These experimental and theoretical analyses clearly point out the important role played not only by the Si-nc but also by a modified silica capping region in determining the optoelectronic properties of this system. Its relevance for the emission properties of Si-nc and for the observed optical gain in Si-nc is under investigation.
